Abstract. In order to investigate the effects of bypass flow and power change and deviation on radial temperature difference of the helium flow entering the steam generator, model experiments and simulation calculations are proposed to evaluate the Thermal Mixing Performance (TMP) of the thermal mixing structure at Pebble-bed Module High Temperature gas-cooled Reactor (HTR-PM) core outlet. The experiments on Test Facility -Hot Gas Mixing (TF-HGM) are carried out to observe the influences of bypass flow and reactor power deviation. Simulation calculations are conducted for the mixing structure of TF-HGM and HTR-PM. According to the results of experiments and CFD simulation, the maximum radial temperature difference at the outlet of the mixing structure fulfils the requirement by steam generator, under all considered conditions. In addition, the TMP obtained by the temperature difference between main flow and bypass flow is suitable for the experiment and the simulation results while the new definition of TMP integrating specific heat, flow rate, inlet position and thermal uniformity needs further improvement.
Introduction
China is now developing and verifying the key technologies for the Pebble-bed Module High Temperature gas-cooled Reactor (HTR-PM) [1] [2] [3] , 2016), a demonstration plant designed by Institute of Nuclear and New Energy Technology (INET), Tsinghua University. The construction of the HTR-PM started its First Concrete Date (FCD) in December of 2012 at Rongcheng, Shangdong province, China. HTR-PM is considered as world's first fourth-generation commercial nuclear power plant with high thermal efficiency and inherent safety features based on the project of HTR-10 (10MW High Temperature Gas-cooled Test Reactor) [4, 5] .
Usually, the radial temperature difference of the coolant helium out of the cylindrical reactor core is up to above 100 ºC for a High Temperature Gas-cooled Reactor (HTGR). In addition, the small cold bypass flow into the bottom of reactor vessel introduces much higher temperature difference to the main coolant flow [6] . In order to ensure the technical feasibility and safety of steam generator by limiting the thermal loads on the heat-exchanging components, a well-designed thermal mixing structure can mix the coolant helium out of the reactor. Usually, the thermal mixing structure consists of three components: narrow cross channel, hot gas chamber and hot gas duct in which a turbulent mixing process reduces the temperature difference of coolant.
In order to validate the design of the thermal mixing structure for a HTGR, a scale or full size experiment is usually adopted to study its Thermal Mixing Performance (TMP) and pressure drop together with related numerical calculations [7] [8] [9] [10] [11] [12] [13] [14] . In addition, numerical simulations were conducted to analyze the TMP of HTGR reactor outlet [15] [16] [17] .
This paper discusses the performance of thermal mixing structure at HTR-PM core outlet considering the effects of bypass flow and power change and deviation. Firstly, this paper introduces the special designs of TF-HGM for HTR-PM taking into account the bypass flow and power deviation. Then, the experiments results are shown after introducing three kinds of definition of the maximum inlet temperature difference for TMP. After it, the results of simulation calculations on the mixing structures of the TF-HGM and real HTR-PM are investigated using Fluent software, where bypass flow and power change and deviation are considered. Finally, some conclusions are obtained based on the results of the experiments and simulation calculations and some future works are predicted.
TF-HGM Considering Bypass Flow and Power Deviation Bypass Flow and Power Deviation of HTR-PM
The power system of HTR-PM essentially consists of a reactor, a primary loop and a secondary loop. As shown in Figure. 1, the primary loop is comprised of a reactor pressure vessel, a steam generator pressure vessel and a hot gas duct vessel. The steam generator is installed aside the reactor pressure vessel, connected by a horizontal hot gas duct. The main thermal-hydraulic process in the reactor and the primary loop can be explained as follows. Before entering the reactor vessel, helium flow at around 250 °C is compressed to about 7 MPa by a helium blower. By flowing through the hot fuel spheres in the reactor core, the helium flow reaches 750 °C. After flowing through the hot gas duct, the hot helium gas transfers its thermal power to the water in the steam generator, where it is cooled down to 250 °C. Through the outer coaxial pipes of the hot gas duct, the cooled helium gas flows into the reactor pressure vessel, where it is heated again. In this way, the primary loop realizes a closed cycle of helium flow. After the cold helium flow goes into the reactor pressure vessel, it will go up to the cold gas chamber on the reactor core through the ascend channels in the side reflector. Then, the main coolant helium will flow to hot gas chamber via reactor core and bottom reflector. At the same time, a small part of helium will flow through the gaps between the graphite blocks of the side reflector to bottom reflector and hot gas chamber. Furthermore, another small part of helium flow will go through the control rod channels to hot gas chamber. Because the last two parts of helium flow will not flow through the reactor core, the temperature of these parts of helium flow, called as bypass flow, will be obviously lower than that of main helium flow passing the reactor core. Although the bypass flow only occupies a minor share of the whole coolant helium, it is an important fact affecting the temperature profile of helium flowing to the steam generator.
When the HTR-PM runs with a power lower than its rated power during its normal operation, the temperature and flow rate of helium coolant in the reactor may be different from those under the rated power condition. In addition, the strategy to move the control rode for power regulation will result in the radial power deviation in HTR-PM reactor core causing the radial temperature deviation of helium flow when it flows out of the reactor core and goes to the steam generator. A study for HTTR showed that the radial temperature deviation of the coolant influenced the TMP [8] of the mixing structure.
In summary, the bypass flow and power change and deviation will result in the change of the radial temperature deviation of helium flow out of the reactor core. Studies are needed to investigate the TMP of the mixing structure of HTR-PM by considering the effects of bypass flow and power change and deviation.
Design of TF-HGM Considering Bypass Flow and Power Deviation
Here, the special designs of TF-HGM are concentrated to evaluate the effects of the bypass flow and power deviation on the TMP. In spite of the hot gas branch (solid line in Figure. 2) and the cold gas branch (dash line in Figure. 2), the bypass gas branch (dot dash line in Figure. 2) is driven by a small blower. Shown as Figure. 3(a), the air of the bypass gas branch flows to a chamber under the main mixing structure. Then, it goes into the hot gas chamber of the main mixing structure through 6 tubes whose outlet connects the hole on side wall of the hot gas chamber. When the experiments are carried out to investigate the effects of bypass flow, the air of hot gas branch and cold gas branch will be heated by two electric heaters respectively. At the same time, the air of bypass gas branch at lower temperature will inject into the hot gas chamber of the main mixing structure to simulate the bypass flow not flowing through the reactor core and the bottom reflector.
In order to simulate the temperature change caused by the power deviation of reactor, the bypass gas branch is connected to the tubes of the cold gas branch behind the cold gas chamber ( Figure. 3(b) ). When the experiments are carried out to investigate the effects of power deviation, these 6 valves in Figure. 3(a) are closed and these 4 valves (marked in the cycle) in Figure. 3(b) are used to inject the cold air into the related quadrant of the inlet chamber of the main mixing structure through the small surrounding inlet tubes. The inlet chamber are divided into 5 separated plenums for different inlets, one central inlet and four surrounding inlets to avoid the mixing of different gas flows before entering the narrow cross channel of the mixing structure. The design criteria and the main parameters of the test facility, TF-HGM, were determined according to the self-modeling and similarity analysis [13, 18] . The test facility was set as a scale of 1:2.5 compared with the design of thermal mixing structure at HTR-PM reactor outlet, whose information can be obtained from the previous studies [14, 18] . The TF-HGM uses air instead of helium as the working fluid. 
Mixing Structure and Related Tubes
As shown in Figure. 4, the mixing structure includes inlet chamber, narrow cross channel, hot gas chamber, hot gas duct and related tubes. The inlet chamber consists of one upper cap, two coaxial cylinders and four plates which separate the space between the two cylinders into four independent plenums. The hot air flows through the central inlet on the upper cap into the inlet chamber and the cold air flows through the four annular inlets. The narrow cross channel consists of two sets of horizontal channels and three sets of vertical channels which are established by three inner layers and four outer layers of aluminum blocks. The air flow changes its directions horizontally and vertically in these connecting channels. Finally, the air flows vertically into the annular plenum of the hot gas chamber through the narrow inlets with a circular-arc-shaped bottom between the petal-shape aluminum blocks. Moreover, another branch air flows through the central hole formed by the aluminum blocks to the narrow inlet horizontally, which simulates the coolant flowing through the fuel discharge tube.
The outlets of six injecting tubes of the bypass gas branch connect the holes on the side wall of the hot gas chamber. The replaced quadrants of the cold gas branch are marked with 'I' and 'II' in Figure. 4. 
Experiment Results on TF-HGM
The experiments on TF-HGM are carried out to evaluate the TMP of the mixing structure by considering the bypass flow and power change and deviation of reactor.
Experiment Results Considering Bypass Flow
In the experiments considering the bypass flow, the flow rates of the air in hot gas branch and cold gas branch keep nearly constant. In addition, the temperature differences between the air in hot gas branch, cold gas branch and bypass gas branch also keep nearly constant. The flow rates and temperature of the air in different branches change as Table 1 . The TMP is defined as the following equation:
(
where, ∆t o indicates the maximum temperature difference at the cross section of the outlet of the mixing structure with K as its unit; ∆t i indicates the maximum temperature difference at the inlet of the mixing structure with K as its unit. Usually, ∆t i can be obtained directly according to the temperature difference between hot gas branch and cold gas branch or between hot gas branch and bypass gas branch. Since the temperature, mass flow rate and specific heat of the gas in hot gas branch, cold gas branch and bypass gas branch may be quite different, the simple temperature difference sometimes cannot indicate the thermal nonuniformity at the inlet. A new way to calculate the maximum temperature difference at the inlet is proposed as the following equation:
where, α indicated the correction factor considering the thermal uniformity between inlet gas and outlet gas. t j , v j , C p,j and β j denote temperature, mass flow rate, specific heat capacity at constant pressure and location correction factor of the j th inlet gas branch respectively. Their units are K, kg/s and J/(kg·K) respectively. t a is the average temperature of the inlet gas with unit of K and C p,a is its specific heat capacity at constant pressure with unit of J/(kg·K).
If the temperature distribution of the inlet gas is continuous, the Eq. 2 and Eq. 3 is in an integral form. If the Eq. 2 is applied to calculated the maximum temperature difference of the gas at the outlet, the ∆t o equals to α(t o,Max -t o,Min )/4 by assuming that the temperature distribution of the outlet gas is uniformed with mass. Therefore, the value of α is set as 4 at present if the ∆t o obtained by Eq. 2 is set as the same value as that by the old way, t o,Max -t o,Min . The values of β for hot gas branch and cold gas branch are set as 1 and the value of β for bypass gas branch is set as 2 because the inlets of bypass gas branch are nearer to the outlet of the mixing structure. Figure 5 indicates the TMP at the outlet of hot gas duct versus the ratio of the flow rate of bypass flow to the total flow rate. The TMP considering the inlet temperature difference between hot gas branch and cold gas branch is labeled with "(1)" and the TMP considering the inlet temperature difference between hot gas branch and bypass gas branch is labeled with "(2)". The TMP according to the new way to determine the inlet temperature difference is labeled with "(3)". The TMPs in following figures and tables are same situation unless addition hints. 
Experiment Results Considering Power Deviation of Reactor
In the experiments considering the power deviation of reactor, the flow rates of the air in hot gas branch and cold gas branch keep near constant. In addition, the temperature differences between the air in hot gas branch and main cold gas branch also keep near constant as 60 °C. The gas of bypass gas branch replaces the gas of one quadrant of the cold gas branch flowing into the inlet chamber of the main mixing structure. There are two kinds of experiments for power deviation of reactor according to the relative position between the replaced quadrant and hot gas duct. The replaced quadrant close to the hot gas duct is called as the first quadrant and the other is called as the second quadrant marked with 'I' or 'II' in Figure. 4 respectively. Table 2 shows the experiment conditions when bypass gas replaces the first quadrant of cold gas branch. Figure 6 . Mixing performance versus temperature difference between cold gas branch and bypass gas branch when replacing the first quadrant. Figure 7 . Mixing performance versus temperature difference between cold gas branch and bypass gas branch when replacing the second quadrant. Figure 6 shows the TMP at the outlet of hot gas duct versus the temperature difference between air of cold gas branch and air of bypass gas branch when bypass gas replaces the first quadrant of cold gas branch. Figure 7 shows the TMP at the outlet of hot gas duct versus the temperature difference between air of cold gas branch and air of bypass gas branch when bypass gas replaces the second quadrant of cold gas branch.
Simulation Calculation Results on TF-HGM
The mixing structure of the TF-HGM are simulated using the Computational Fluid Dynamics software, Fluent.
Configuration of CFD model for TF-HGM
The boundary conditions of the calculation model are set as follows: the temperature and mass flow rate of inlet air are given; the outlet condition is set as "outflow" with a relative pressure of 0Pa; the heat transfer between the inner solid and the air flow in the mixing structure is considered; the outer walls of the whole mixing structure are set as insulated surfaces. The realizable k-ε model is adopted for turbulent model. The SIMPLEC method is adopted for the solving method with second-order precision. The reference pressure at outlet is set as 0.1MPa. The fuel spheres in the discharge tube are simulated with a simple homogeneous porous media.
A mesh sensitivity study was performed before the formal CFD simulation where the half of the mixing structure was simulated. Table 3 indicates the calculation results. The calculation result with 3 million meshes is obviously different from those with 4 and 5 million meshes. Finally, the CFD simulation model for the whole mixing structure consists of around 9 million meshes regarding the balance between consumed calculating time and calculation precision. 
Calculation Results Considering Bypass Flow
The numerical simulation considering the bypass flow is carried out by adopting the same conditions of the experiments on TF-HGM. The temperature profiles at the symmetry plane, the horizontal plane passing the symmetry axis of the hot gas duct, and the outlet cross section of hot gas duct of the mixing structure are shown as Figure. 8 when the flow rate of air of bypass gas branch is 0.61kg/s. Figure 9 indicates the TMP at the outlet of hot gas duct versus the ratio of the flow rate of bypass gas to total flow rate according to simulation calculations and experiments.
The temperature differences of the air at the outlet cross section of hot gas duct are shown in Figure. 10. In Figure. 10(a), it is found that the experiment results are close to the calculation results except the temperature of gas close to the wall of hot gas duct. Because the heat transfer between the wall of hot gas duct and its ambience is ignored by simulation calculation, the temperature of gas near the wall obtained by experiments is lower than that obtained by calculation even if hot gas duct is covered by a 10 cm-thick thermal insulation material. In addition, the temperature differences in Figure. 10(b) may be mainly due to the underestimate of the buoyancy lift affecting by the CFD simulation. The temperature obtained by experiments at the upper diametric direction is higher than that obtained by CFD simulation. Furthermore, the realizable k-ε model may have limitation for simulating the highly turbulent flow.
The CFD simulation has been carried out by setting the heat transfer between the wall of hot gas duct and its ambience as a constant value, 500 W/m2, without considering the bypass flow. As shown in Figure. 10(c), the differences between the results of CFD simulation and experiments become obviously smaller echoing the above explanation though temperature is different from that in Figure. 10 (a) and (b) since they concern different conditions. 
Calculation Results Considering Power Deviation
The numerical simulation for power deviation of reactor is carried out by adopting the same conditions of the experiments on TF-HGM as Table 2 . Figure 11 shows the temperature profiles at different horizontal planes and the outlet cross section of hot gas duct when the first quadrant of cold gas branch is replaced and the temperature difference between cold gas branch and bypass gas branch is around 30 ºC. Figure 12 indicates the temperature profiles at different horizontal planes and the outlet cross section of hot gas duct when the second quadrant of cold gas branch is replaced and the temperature difference between cold gas branch and bypass gas branch is around 30 ºC. 
Simulation Calculation Results on Hot Gas Mixing Structure of HTR-PM
The hot gas mixing structure at HTR-PM reactor core outlet is simulated using the Computational Fluid Dynamics software, Fluent.
Configuration of CFD Model for HTR-PM
The design of hot gas mixing structure at HTR-PM reactor core outlet is shown as Figure. 13(a). The structure of the hot gas mixing structure of HTR-PM is similar to the mixing structure of TF-HGM, while the previous is 2.5 times the size of the latter. Since the configuration of the CFD model for HTR-PM is close to that for TF-HGM, only the differences between the two models are described here.
The main inlet helium flow is set as 90kg/s and its temperature profile is given as Figure. 13(b) which flows from up to down to the narrow cross channel. The highest temperature is 1135K and the lowest temperature is 993K under the condition of full power. In addition, there are also six tubes to inject the bypass gas into hot gas chamber where the its total flow rates are from 2.4kg/s to 8.4kg/s. The temperature of the bypass flow is 623K. The reference pressure at outlet is set as 7MPa. The total grids of the CFD model are around 8 million. 
Calculation Results Considering Bypass Flow
The numerical simulations considering the bypass flow are carried out by changing the flow rates of the bypass flow from 2.4kg/s to 8.4 kg/s. The temperature profiles at the symmetry plane, the horizontal plane passing the symmetry axis of the hot gas duct and the outlet cross section of hot gas duct are shown as Figure. 14 when the flow rate of the bypass flow is 6kg/s. Figure 15 shows the temperature difference and the mixing performance at the outlet of hot gas duct versus the ratio of the flow rate of bypass gas to the total flow rate. . Temperature differences and TMP at the outlet of hot gas duct versus the ratio of the flow rate of bypass gas to main flow rate.
Calculation Results Considering Power Change and Bypass Flow
The numerical simulation for power change of reactor is carried out by changing the temperature profile of the main inlet helium flow. Moreover, the bypass flow rate is 6kg/s. Figure 16 reveals the temperature difference and TMP at the outlet of hot gas duct versus the reactor power. 
Calculation Results Considering Power Deviation and Bypass Flow
The numerical simulations for power deviation of reactor are carried out by changing the temperature profile at the first quadrant of the main inlet helium flow from that of full power to that of other power level. The bypass flow rate is 6kg/s. Figure 17 (a) shows the temperature profile of the whole mixing structure when the temperature of the first quadrant of the main inlet helium flow is set as that of 30%FP. Figure 17(b) indicates the temperature differences and the TMP at the outlet of hot gas duct versus the power level of the first quadrant of the reactor. 
Discussions and Summaries
The TMP of a mixing structure is mainly determined by two aspects considering the conditions concerned by this paper. The first is how to define the TMP with different thermal-hydraulic parameters. The second is how to obtain the values of these parameters. The effects of the two aspects are discussed and summarized separately as follows:
Definition of TMP
This paper discusses three kinds of definition of TMP according to Eq. 1. The difference of them exists in the way to obtain the maximum temperature difference at the inlet, ∆t i , mentioned in Section "Experiment results considering bypass flow". In the first and the second definitions, labeled with (1) and (2), the ∆t i is the temperature difference within main flow or the temperature difference between main flow and bypass flow. In the third definition, labeled with (3), the ∆t i is obtained by integrating K temperature, flow rates, specific heat, inlet positions and thermal balance of inlet and outlet gas flows and assuming the uniformity of the temperature distribution with mass at the outlet. In theory, the values of a well-defined TMP should be nearly constant when changing the values of related thermal-hydraulic parameters in a certain range. Based on this criterion, the first is the worst according to the results of experiments and CFD simulation since it ignores the temperature of bypass flow which is usually the lowest one.
Considering the situations only regarding bypass flow, such as those in Figure. 5, Figure. 9 and Figure. 15, the third definition is a little better than the second. Since the flow rate of bypass flow is obviously slower than that of main flow and the position of the inlet of bypass flow is quite nearer to the outlet, the third definition taking account into the flow rates of different flows and inlet position of bypass flow may be more suitable.
However, for the situations regarding the flow replacing the different quadrants, such as those in Figure. 6, Figure. 7 and Figure. 17, the second definition is better than the third. The reason may be the actual temperature distribution of gas flow at the outlet is not uniform with mass but the third considers it as. According to Figure. Figure. 14(c), obvious uniformities of the temperature distribution exist at the cross section of the outlet. In this way, the ∆t o should be not equal to α(t o,Max -t o,Min )/4 when the Eq. 2 is applied to calculate the maximum temperature difference of the gas at the outlet. Therefore, the α indicated the correction factor considering the thermal uniformity between inlet gas and outlet gas should be variable according to the temperature distribution at the outlet rather than equal to a fix value, 4. In addition, the value of the location correction factor, β, should also be further discussed because of the actual complexity of bypass flow.
In addition, the range of TMPs, obtained by the different definitions considering all cases for TF-HGM and HTR-PM, are 87.0~98.6%, 96.4~98.6% and 95.0~99.3% respectively. Actually all of the TMPs obtained by the second definition are close to 97.5%. In summary, the definition of TMP adopting the direct temperature difference between main flow and bypass flow as the maximum temperature difference at the inlet is more suitable for the results of experiments and CFD simulation for both TF-HGM and HTR-PM at present. The new definition of TMP integrating various parameters, such as temperature, mass flow rate and specific heat, position and thermal uniformity of different flow branches, needs further improvement, especially for the position and the thermal uniformity correction factors.
Values of Related Parameters
The concerned thermal-hydraulic parameters of gas flow in this study mainly include mass/volume flow rate, temperature and pressure. Among them, the temperature distribution of gas flow at the outlet is most important.
The temperature differences among results of experiments and CFD simulation can be explained as following:
The difference of consideration of the heat loss from the mixing structure to its ambience influences the temperature distribution of gas flow at the outlet in Figure. 10. After considering the heat loss between the surface of hot gas duct and its ambience, the difference becomes obviously smaller ( Figure. 10(c) ). In addition, the underestimate of the buoyancy lift affecting by the CFD simulation also introduces the temperature difference in Figure. 10(b). The realizable k-ε model may have limitation for simulating the highly turbulent flow especially for the case of HTR-PM. The limited number of thermocouples (8×5) may result in failure to catch the real maximum and the minimum temperature of gas flow at the outlet of hot gas duct. The measurement error of the thermocouple may also have an unignorable influence on the results of experiments. Accordingly, the following future works are now considered:
Heat transfer between the mixing structure and its ambience will be considered in the CFD simulation regarding bypass flow and power change and deviation. A non-touch measurement system will be integrated into the I&C system of the TF-HGM to measure the temperature distribution of the gas flow at the outlet. The Large Eddy Simulation (LES) will be applied to simulate the highly turbulent flow.
Conclusions and Perspectives
This paper introduces the experiments and simulation calculations to investigate the effects of bypass flow and power change and deviation on the thermal mixing performance of the mixing structure at HTR-PM reactor core outlet:
The results of experiments and simulation calculations on TF-HGM are close and the differences between them can be explained reasonably.
The simulation calculations for HTR-PM show that the radial temperature differences at the outlet of hot gas duct increase obviously with the increase of the flow rate of bypass flow. However, the maximum temperature difference is 18.37 ºC even if the bypass flow is 8.4 kg/s still fulfilling the requirement of steam generator, less than 30 ºC (±15 ºC).
The simulation calculations for HTR-PM also indicate that the temperature differences are within the acceptable scope regarding the power change or power deviation of reactor together with a 6 kg/s bypass flow. The thermal mixing performance obtained according to the direct temperature difference between main flow and bypass flow is more suitable for the results of experiments and CFD simulation. An interesting work may concern a more proper way to define the thermal difference between the inlet and the outlet of a complex thermal mixing structure. The uncertainties mainly exist in three aspects: the complex interactions between the mixing structure and its ambience, the measurement of the temperature distribution of gas flow at the outlet and the behaviors of the highly turbulent flow. The first aspect may derive the future works considering the various complexities of inlet flow and bypass flow, heat transfer between the mixing structure and its ambience, and the flow route to steam generator after hot gas duct. The second aspect may call the integration of a non-touch measurement method to the present temperature measurement system mainly using thermocouple. For the third aspect, the adoption of Large Eddy Simulation (LES) to CFD simulation may be a benefit and promising attempt to simulate the highly turbulent flow especially for the case of HTR-PM.
